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ABSTRACT F e r r i t i n i s t h e s o l u t i o n t o t h e p r o b l e m o f r u s t i n b i o l o g i c a l m a t e r i a l . Polynuclear i r o n complexes o f up t o 4500 Fe(II1) atoms r e v e r s i b l y form a hydrous f e r r i c oxide core i n s i d e a hollow spherical p r o t e i n coat ( a p o f e r r i t i n ) t h a t p e r m i t s t h e c o n t r o l l e d release o f i r o n as needed by t h e organism. To study intermediates i n f o r m a t i o n o f t h e i r o n c o r e (A) and f a c t o r s w h i c h may a l t e r c o r e s t r u c t u r e (B)
, we used EXAFS. To study t h e f a c t o r s which may i n f l u e n c e t h e k i n e t i c s o f i r o n core r e d u c t i o n and d i s s o l u t i o n (C), we used d i s p e r s i v e x -r a y a b s o r p t i o n s p e c t r o s c o p y (DXAS).
The r e s u l t s show (A) t h a t t h e p r o t e i n coat appears t o c o n t r o l i n i t i a t i o n and n u c l e a t i o n o f t h e i r o n core; (B) t h a t model i r o n c o r e s t r u c t u r e s can be influenced by s u l f a t e which appears t o nucleate domains o f hematite (Fe 03) t h a t c o e x i s t i n t h e soluble complex w i t h FeOaOH; and (C) t h a t t h e reduction 0% core Fe i s i n f l u e n c e d by b u f f e r i o n s , s u g g e s t i n g t h a t t h e a v a i l a b i 1 i t y o f f e r r i t i n i r o n i n v i v o may be modulated by cytoplasmic changes i n small ions.
INTRODUCTION
I r o n i s required i n p l a n t s and animals f o r a v a r i e t y of f u n c t i o n s such as e l e c t r o n t r a n s f e r , o x y g e n t r a n s p o r t a n d a c t i v a t i o n , n i t r o g e n r e d u c t i o n , and deoxy r i bonucl e o t i de synthesis ( f o r DNA). The i n t e r a c t i o n o f i ron and oxygen could produce r u s t i n b i o l o g i c a l systems j u s t as t h e i n t e r a c t i o n produces corrosion o f i ron-containing materials. However, i n t h e case o f l i v i n g systems, t h e o x i d a t i o n and h y d r o l y s i s o f i r o n proceeds i n s i d e a h o l l o w p r o t e i n c a l l e d a p o f e r r i t i n . F e r r i t i n , t h e complex o f hydrous f e r r i c o x i d e and a p o f e r r i t i n , s t o r e s up t o 4500 F e ( I 1 I ) atoms i n a s o l u b l e , b i o a v a i l a b l e form. A l t h o u g h a g r e a t deal i s known a b o u t t h e s t r u c t u r e o f t h e p r o t e i n , and s o m e t h i n g i s known about t h e i r o n core, l i t t l e i s known about t h e s t e p s i n t h e f o r m a t i o n o f t h e i r o n c o r e and about t h e r e l e a s e o f i r o n f r o m t h e core. The s t e p s t h a t can be d e f i n e d a r e i l l u s t r a t e d below:
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We have i n v e s t i g a t e d some o f t h e i n t e r m e d i a t e s t e p s i n t h e f o r m a t i o n and d i s s o l u t i o n o f t h e f e r r i t i n i r o n core using XAS. We selected two steady s t a t e s t o study by EXAFS: (A) F e ( I I I ) a p o f e r r i t i n , an e a r l y i n t e r m e d i a t e i n t h e formation o f t h e core, and (B) i r o n cores formed w i t h d i f f e r e n t biopolymers ( a p o f e r r i t i n , polys a c c h a r i d e , and p o l y s a c c h a r i d e s u l f a t e ) .
I n a d d i t i o n , we chose a k i n e t i c a l l y c h a n g i n g s t a t e t o s t u d y by d i s p e r s i v e EXAFS: (C) t h e r e d u c t i o n o f c o r e F e ( I I 1 ) t o Fe(1I) by t h i o g l y c o l i c a c i d w i t h various b u f f e r ions. The r e s u l t s provide informat i o n a b o u t (A) t h e r o l e o f t h e p r o t e i n i n c o r e f o r m a t i o n , (B) t h e e f f e c t of t h e e n v i r o n m e n t on c o r e s t r u c t u r e , and (C) t h e e f f e c t o f t h e e n v i r o n m e n t on c o r e dissolution.
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RESULTS AND DISCUSSION
(A) F e ( 1 I I ) A p o f e r r i t i n . a N u c l e a t i o n Complex. When F e ( I 1 ) was added t o a p o f e r r i t i n a t 10 atoms/molecule (OA/subunit) a l l o f t h e i r o n appeared t o be bound t o t h e p r o t e i n a t d i s t i n c t b i n d i n g s i t e s (1). The o x i d a t i o n o f t h e bound F e ( I 1 ) produced F e ( I I I ) , some o f which was a l s o bound by t h e protein, and was accompanied by t h e vacancy o f some o f t h e Fe(I1) s i t e s (1). This suggested t h a t o x i d a t i o n was coupled w i t h m i g r a t i o n o f some o f t h e i r o n atoms from s o l i t a r y s i t e s on t h e p r o t e i n t o c l u s t e r e d s i t e
s . To c o n f i r m t h e i d e a t h a t c l u s t e r s o f F e ( I I 1 ) formed, and t o determine whether o r not a1 1 Fe(II1) atoms were bound t o t h e protein, x-ray absorpt i o n spectra were obtained and analyzed. The average Fe absorber i n t e r a c t e d w i t h t h r e e d e t e c t a b l e t y p e s o f n e i g h b r s : a l o w Z atom a t ca. 2.0W, a l o w Z atom a t ca.
2.58, and a h i g h 1 atom a t ca. 3.01. The d a t a f i t we1 1 w i t h model f o r a p r o t e i n c a r b o x y l a t e l i g a n d (0 a t ca. 2.08, and C a t ca. 2.51) and Fe (ca. 3.08) b r i d g e d by 0 (ca. 2.01). The i r o n s h e l l i s incomplete compared t o f u l l f e r r i t i n cores. Fe(1II) a p o f e r r i t i n thus appears t o be a small c l u s t e r o f Fe(I1) atoms (2-3) i n which each F e ( I I 1 ) a t o m a l s o i s l i n k e d t o t h e p r o t e i n v i a c a r b o x y l a t e -1 i k e l i g a n d s ; t h e p o l y n u c l e a r n a t u r e o f t h e F e ( 1 I I ) i n t h e complex was c o n f i r m e d by Mbssbauer s p e c t r o s c o p y ( w i t h B. Huynh). The f o r m a t i o n o f t h e F e ( I I 1 ) a p o f e r r i t i n complex shows t h a t t h e p r o t e i n provides t h e s i t e f o r nucleation, probably o r i e n t i n g i r o n core growth toward t h e hollow center o f t h e a p o f e r r i t i n coat. (8) I r o n Cores. I n o r d e r t o d e t e r m i n e i f a l l f e r r i t i n c o r e s w o u l d have t h e same s t r u c t u r e , we used EXAFS t o s t u d y s o l u b l e c o r e s f o r m e d under t h r e e d i f f e r e n t conditions: w i t h a p o f e r r i t i n ( p r o t e i n -COOH 1 igands), w i t h dextran (polysaccharide w i t h -OH 1 igands), and c h o n d r o i t i n s u l f a t e ( p o l y s a c c h a r i d e w i t h -COOH, -OH, and -SO4 ligands).
Only t h e i r o n cores formed i n t h e presence o f c h o n d r o i t i n s u l f a t e w e r e d i s t i n c t i v e , w i t h an i n c r e a s e d o r d e r ( l a r g e n e g a t i v e Debye Wal l e r f a c t o r compared t o f e r r i t i n ) .
The r e s u l t s suggest t h a t s u l f a t e was t h e important l i g a n d f o r t h e o r d e r e d domains, s i n c e t h e o t h e r l i g a n d s were p r e s e n t i n d e x t r a n o r a p o f e r r i t i n as w e l l . Mbssbauer a n a l y s i s ( w i t h L. H. Bowen) o f t h e c h o n d r o i t i n s u l f a t e complex i n d i c a t e d t h a t t h e ordered domains were a c t u a l l y s o l u b l e hematite (Fe 03). Thus t h e ligands present i n model experiments can determine t h e s t r u c t u r e o f %he f e r r i t i n core. D u r i n g t h e c o u r s e o f t h e s e e x p e r i m e n t s w i t h models f o r f e r r i t i n cores, e v i d e n c e f o r n a t u r a l v a r i a t i o n s i n f e r r i t i n cores, i n t h i s case associated w i t h PO4, were a l s o obtained (2). 
Spectra were c o l l e c t e d a t 32-sec i n t e r v a l s beginning 1 min a f t e r t h e a d d i t i o n o f t h e reductant (TGA).
The spectra displayed cover a 10-min i n t e r v a l ; t h e r e a c t i o n appears complete a f t e r 1. 7 min. Abscissa: PIXEL number.
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